An SDW antiferromagnetic (SDW-AF) low temperature phase transition is generally observed and the AF spin fluctuations are considered to play an important role for the superconductivity paring mechanism in FeAs superconductors. However, a similar magnetic phase transition is not observed in FeSe superconductors, which has caused considerable discussion. We report on the intrinsic electronic states of FeSe as elucidated by electric transport measurements under magnetic fields using a high quality single crystal. A mobility spectrum analysis, an ab initio method that does not make assumptions on the transport parameters in a multicarrier system, provides very important and clear evidence that another hidden order, most likely the symmetry broken from the tetragonal C4 symmetry to the C2 symmetry nematicity associated with the selective dorbital splitting, exists in the case of superconducting FeSe other than the AF magnetic order spin fluctuations. The intrinsic low temperature phase in FeSe is in the almost compensated semimetallic states but is additionally accompanied by Dirac cone like ultrafast electrons ∼ 10 4 cm 2 (VS) −1 as minority carriers.
I. INTRODUCTION
that spin fluctuations of the low temperature antiferromagnetic (AFM) phase play an important role for mediating superconductivity. This is generally denoted as the S± mechanism [10] . As another candidate for the superconductivity mechanism, the orbital fluctuation in a d-multiband system has been proposed [11] . FeSe has been proven to show that no magnetic phase transitions are observed even though a kink in electric conductivity as a function of temperature is observed [12] . Therefore, a surge of interest has arisen to compare the FeAs and FeSe superconducting families, and hitherto a lot of experiments have been performed so far. However, due to the difficulty in achieving single crystal growth, there have been few experimental reports on the electronic states of FeSe [13, 14] .
An interesting report regarding the superconductivity has recently been made for FeSe by Xue et al., showing that a single layer FeSe epitaxially grown on a SrTiO 3 substrate showed a T c much higher than what has been ever seen in the Fe superconducting family [15] . However, due to the difficulty in elucidating the intrinsic electronic states of a single layer of FeSe, the real nature of superconductivity in FeSe is still an important open question.
Recently, a method of high quality single crystal growth of 1:1 stoichiometric FeSe has been reported [16] . Therefore, it is very important and timely to study the electric transport properties of FeSe single crystals.
In this letter, we report on the detailed electronic structure of a FeSe bulk single crystal studied by transport measurements under magnetic fields. The experimental data, by employing ab initio mobility spectrum analysis without making assumptions on the carrier numbers successfully applied to Ba(FeAs) 2 in our previous study [20] , clearly demonstrate that the electron and the hole pockets with almost equivalent carrier numbers of ∼10 20 cm
are present in the majority of carrier bands, which is consistent with a carrier-compensated semimetallic feature. In addition, we intriguingly find that another minority band with the carrier number of ∼10 18 cm −3 is also present. Surprisingly, these minority electron carriers show an ultrafast carrier mobility of ∼ 10 4 cm 2 (VS) −1 . Moreover, both a remarkable reduction in carrier number and an enhancement in carrier mobility were simultaneously observed below 120 K higher than the structural transition temperature. Although no antiferromagnetic (AFM) ordering has been reported in pure FeSe [12] , the electronic structure of orthorhombic FeSe single crystal shows a clear change in the electronic structure at a temperature apart from the structural transition. The present results provide a very important clue to understand the mechanism of superconductivity and the electronic phase transition of iron-based superconductors.
II. EXPERIMENT
FeSe single crystal was grown by a vapor transport method using an Fe 1.1 Se and KCl/AlCl 3 mixture with the molar ratio of 1 : 0.5 [16] . The Fe 1.1 Se and KCl/AlCl 3 mixture was prepared inside an Ar globe box and sealed into a quartz tube under the He gas pressure of 10 −2 Pa. The quartz ampoule was placed in a tube furnace with thermal gradient. In the present case, the position of raw materials was kept at 390 • C. After 40 -50 days, thin flakes of FeSe single crystals (∼ 500 × 500 × 30 µm) were obtained at a lower temperature position inside the quartz ampoule. During the crystal growth process, the temperature at the lower end of the quartz ampoule was kept higher than the melting point of KCl/AlCl 3 .
Figure 1(a) shows a typical FeSe single crystal grown from the method described above.
The crystal exhibited clear ab-plane. The crystal was cut rectangular in shape for measurements of electric transport properties. X-ray diffraction spectrum of the crystal, measured on the ab-plane using a SmartLab 9MTP (RIGAKU) diffractometer, displayed sharp (00l) reflections arising from the tetragonal phase of FeSe [8, 9] . In measurements of transport properties, electrodes were made on the ab-plane using silver paste ( figure 1(a) ). Magnetic field was applied along the c-axis of the sample during the measurements of Hall-resistance and magnetoresistance [17] . such a large enhancement of magnetoresistance can be directly linked to a big jump in the carrier mobility, whereas a sign change of R H can appear only in the case where a large change in mobility takes place between electron-like and hole-like carriers. As we shall see in the analysis below, these curious behaviors of the transport properties are indeed associated with a very unique evolution of the electronic structure as a function of temperature.
IV. ANALYSES OF THE MAGNETOTRANSPORT PROPERTIES
Because the current material is a d-multiband semimetal, it is generally difficult to have a clear interpretation of the magneto-transport data due to the mixing of many possible Fermi pockets. A conventional approach to this situation is to construct a model by hypothesizing the number of carrier types, where each is characterized by two parameters: carrier density and mobility. These can be estimated by applying the least-square fitting technique to the B-dependences of R H and R xx (B)/R(0). The results obtained in such an analysis, however, is highly dependent on the preliminary assumption about the number of pockets. In order to avoid any ambiguities for making reasonable interpretations of the transport properties of FeSe single crystal in the whole temperature range, we have employed two different analysis methodologies in this paper. At first, the so-called mobility (µ-) spectrum analysis was applied to deduce the intrinsic band picture from magneto-transport at the lowest temperature. As will be shown below, the results of the µ-spectrum analysis clearly indicate the compensation between electron-like and hole-like carriers in FeSe. This observation allows us to used a simple compensated two-band model to analyze the magnetotransport at higher temperatures.
A. µ-spectrum analysis
Recently, we have successfully applied the µ-spectrum analysis for inprepretation of the transport data of Ba(FeAs) 2 [20] , and the same methodology is employed in the current paper. In the following part, we give a brief description of the method.
At first, the notations of normalized longitudinal and transverse magnetoconductivities were introduced:
..
Here σ 0 is the conductivity at zero magnetic field. The normalized conductivities X(B)
and Y (B) calculated from the present experimental data are shown in Fig. 2 . Instead of making assumptions on the number of Fermi pockets, we evaluate the distribution of the carrier numbers in the mobility spectrum space [17, 19, 20] . In the description of µ-spectrum analysis, the transverse and the longitudinal conductivities under B can be described by the distributions s n and s p : Here n and p represent the electron and the hole carriers, respectively and µ is the carrier
] denotes the partial longitudinal and transverse conduc-
The Kronig-Kramer (KK) transformation applied to equations (3) and (4) allows one to separate the conduction of electron-like carriers from those of hole-like ones as following:
Finally, using equations (3), (4), (5), and (6), the partial conductivities [
of electron-like and hole-like carriers can be calculated. For applying the Kronig-Kramer transformation ( (5) and (6)) to the experimental data in the finite range of B, the analytic representation of the experimental data X(B) and Y (B) is evaluated by fitting the real data of X(B) and Y (B) to the linear combinations of Lorentzian components [17, 21] :
The finalized parameters of the Lorentzian terms are listed in I. It is clear in Fig. 2 In a logarithmic equally-spaced grid of the µ-space, the normalized conductivities
and Y (k) (B) in (1) and (2) can be approximated as followed:
where µ = e m , B = e b , and
Here N is the total number of points used in the approximation and ∆m is the distance between two m i points. In order to estimate the µ-spectra of FeSe single crystal, models including 100 points were generated and the models were then independently fitted to the datasets using the program fityk [22] . For both k = n and k = p, the spectrum extracted from X k (B) is identical with that obtained
, confirming the validity of our analyses. The µ-spectra s k (µ) were successfully evaluated for electron-like and hole-like carriers using the partial conductivities [X n (B),
] as shown in Fig. 3 . A nearly single-peak structure centered at around µ ∼ 1000 cm 2 (VS) −1 with the carrier number P ∼ 10 20 cm −3 was found in the hole-like carrier region. In contrast, a somewhat broad, double peak structure was deduced in the electron-like carrier region. The value of σ 0 s n (µ)/eµ showed that the 1st peak is at around µ ∼ 1000 cm 2 (VS) −1 with the carrier number N ∼ 9 × 10 19 cm −3 . This estimated carrier concentration is comparable with σ 0 s p (µ)/eµ for hole like carriers in the mobility spectrum space, which is indicative of a semimetallic feature of the FeAs single crystal (the first peak deduced from the transport analysis in the electron region can be assigned to the main electron-like carriers). Taking these experimental facts into account, the stoichiometric FeSe single crystal is a carrier compensated semimetal and an almost equivalent amount of carriers with similar mobilities exist in both hole and electron regions. Intriguingly, a broad peak structure (the second peak) was observed with the carrier number of N ∼ 10 18 cm
in the electron region. Since high mobility carriers could be dominant in X(B) and Y (B)
in the semiclassical transport theory, these minority electron-like carriers with µ ∼ 10000 cm 2 (VS) −1 should play a significant role in the electrical transport of FeSe at low B's even when its carrier number is much smaller than that of the majority electron carriers.
B. Two-band analysis at higher temperatures
An important result of the µ-spectrum is the confirmation of the compensation in carrier number between the hole-like and the electron-like pockets in the material. Moreover, density functional theory (DFT) calculations have shown that the tetragonal phase of FeSe exhibits a semimetal-like FS [23] . These allow us to extend our analysis to higher temperatures in the framework of a semimetallic approximation, i.e. N = P , and consequently study the changes of the electronic structures in terms of the transport parameters. At high T 's, since R xx (B)/R(0) and the non-linear ρ yx were significantly suppressed, the mobility spectrum analysis could not monitor the whole electronic structure under the normal magnetic fields of the present experiments. In a two-carrier type semiclassical approximation in the low-B limit, the zero-field resistivity(ρ xx (0)), R xx (B)/R(0), and ρ yx were described as
Here n e and n h are the carrier numbers and µ h and µ e are the mobilities of electrons and holes. Employing Eqs. (11) - (13) under the condition of n e = n h , the transport parameters could be evaluated analytically. The deduced carrier numbers and their mobilities of N = P , µ e and µ h are displayed in Figs. 4 (a) and (b). Below 120 K, n gradually decreased with a decrease in T and dropped below T * , and at low-T 's n became ∼ 9 × 10 19 cm −3 . Compared with the carrier numbers (n M S k , k = n, p) estimated from the mobility spectrum analysis, n M S n ∼ 9 × 10 19 cm −3 and n M S p ∼ 1 × 10 20 cm −3 are reasonable. Therefore, 80 -90 % of the carriers were killed at low-T 's. Both µ e and µ h gradually increased with a decrease in T below 120 K.
V. DISCUSSIONS
From the mobility spectrum analysis, the low temperature electronic structure of FeSe was successfully investigated. The hole-like carriers can be explained in terms of almost uniform single-peak mobilities in the mobility spectrum space. On the other hand, the electron-like carriers could be divided in two components in the mobility space. The first peak with low mobility of µ ∼ 1000 cm 2 (VS) −1 is almost compensated with that of the holelike carriers. The second peak with the much higher mobility of µ ∼ 10000 cm 2 (VS) −1 plays a key role in the electrical transport under low B. In the collinear-type AFM phase at low T 's in the parent compounds of iron-based superconducting families, the electronic bands composed of both minority Dirac cone carriers with high mobility and majority normal carriers accommodated in the almost compensated parabolic bands were reported [20, [24] [25] [26] . Because no AFM phase was reported in FeSe under ambient pressure conditions [12] , the evolution of the electronic states as a function of T in FeSe is indeed intriguing when compared with the other iron based superconducting families.
In the low temperature orthogonal phase, the electronic structure of FeSe is represented as an almost compensated semimetal state with ultrafast minority electron-like carriers.
Moreover, since the reduction in the carrier number as well as the enhancement in the carrier mobility was confirmed below around 120 K (importantly higher than the structural phase transition temperature being indicative of the occurrence of another hidden order), [28] . In this case, the lift-off of the energy bands could reduce not only the carrier number but also the electron-electron scattering in the electron and the hole FS's. Consequently, both suppression in number and enhancement in mobility of carriers starting at a certain temperature above T * could reasonably be understood in terms of the electronically nematic ordering. In Fe based superconductors, the pairing mechanism of the superconductivity and the origin of the electronic nematicity have been discussed in terms of magnetic and orbital fluctuations [10, 11, 29] . Our present results indicate that the intrinsic scenario for the superconducting mechanism of FeSe-based superconductors involves the mediation via the pure orbital fluctuations, which is in strong contrast with other FeAs superconductors.
Finally, we would like to discuss the origin of the ultrafast minority electron-like carriers observed in the µ-spectrum. Such high µ carriers can originate from the enhancement of the anisotropic FS's due to orbital splitting. Since µ is directly proportional to the Fermi velocity and the effective mass, this anisotropy may exert a strong influence on the k-position of FS's, giving a broad distribution of the mobility spectrum. Another scenario is that a Dirac cone is created due to the splitting of energy bands. In the latter case, the orbital splitting of energy band at low T 's can lift up a crossing between the two bands with distinctly different orbital characters (d xy and d yz ) in the vicinity of the Fermi energy [30] .
Since the Dirac cones originate from band crossings in a three-dimensional system, FeSe can be an intriguing platform to study such unique quantum states, which have recently been discussed in the Ba(FeAs) 2 , Na 3 Bi and Cd 3 As 2 [26, [31] [32] [33] [34] .
VI. CONCLUSIONS
We investigated the electronic structures of FeSe, using a high quality single crystal synthesized by a recently reported new method, in the framework of a semiclassical transport theory. The mobility spectrum employed as a powerful analytical method clearly demonstrated that the electronic structure in the low temperature orthogonal phase can be described as an almost compensated semimetal involving a minority band with ultrafast carrier mobility. The ultrafast electron-like carriers could be interpreted as originating either from the Dirac cone or the large anisotropy of FS's. Moreover, a remarkable reduction in carrier number and an enhancement in carrier mobility were simultaneously observed below 120 K, which is higher than T * . This significant change in the electronic structure was reasonably understood in terms of the development of electronically driven nematic ordering, being in good agreement with the recent ARPES experiments and their interpretations [28] . mobility µ e (µ h ) derived using a two carrier-type semiclassical model in the low B limit, assuming an electron and hole compensated electronic structure. n M S is the averaged carrier number of electron-like and hole-like carriers (n M S k ,k = n, p) estimated from the mobility spectra. The error bars of n, µ e , and µ h are estimated from errors of least square fit of transport parameters and are smaller than size of symbols.
